We investigate the evolution of the frequency-magnitude b-value during stable and unstable frictional sliding experiments. Using a biaxial shear configuration, we record broadband acoustic emissions (AE) while shearing layers of simulated granular fault gouge under normal stresses of 2-8 MPa and shearing velocity of 11 μm/s. AE event amplitude ranges over 3-4 orders of magnitude and we find an inverse correlation between b and shear stress. The reduction of b occurs systematically as shear stress rises prior to stick-slip failure and indicates a greater proportion of large events when faults are more highly stressed. For quasi-periodic stick-slip events, the temporal evolution of b has a characteristic saw-tooth pattern: it slowly drops as shear stress increases and quickly jumps back up at the time of failure. The rate of decrease during the inter-seismic period is independent of normal stress but the average value of b decreases systematically with normal stress. For stable sliding, b is roughly constant during shear, however it exhibits large variability. During irregular stick-slip, we see a mix of both behaviors: b decreases during the interseismic period between events and then remains constant when shear stress stabilizes, until the next event where a co-seismic increase is observed. Our results will help improve seismic hazard assessment and, ultimately, could aid earthquake prediction efforts by providing a process-based understanding of temporal changes in b-value during the seismic cycle.
Introduction
The long-term goal of predicting earthquakes remains challenging, with progress impeded by a combination of factors that include fault zone structural complexity, heterogeneity in stress state and frictional properties, and a lack of understanding about the weakening and failure processes that occur during earthquake nucleation. One approach has been to use statistical measures of past seismic activity to infer future behaviors and assess seismic hazard (Schorlemmer et al., 2004; Benz et al., 2015; Gulia et al., 2016) . The earthquake b-value, which describes the frequency-magnitude scaling, has been used for long-term seismic hazard assessment and also as a tool for shorter-term forecasting and studies of earthquake scaling relations (e.g., Davison and Scholz, 1985) . Complementary studies have also been conducted in the laboratory, where stresses, displacements and seismic activity can be accurately measured (Scholz, 1968a (Scholz, , 1968b Lockner et al., 1991; Voisin et al., 2007; Schubnel et al., 2011; Goebel et al., 2013 Goebel et al., , 2017 Johnson et al., 2013; McLaskey et al., 2014; Kwiatek et al., 2014; McLaskey and Lockner, 2016; Lei et al., 2016; Passelègue et al., 2016; Rouet-Leduc et al., 2017) .
Seismic activity is often monitored using the well-known frequency-magnitude relation of Gutenberg and Richter (1944): log 10 (N) = a − bM where N is the number of earthquakes larger than magnitude M, a is a measure of the seismic activity and b -referred to as b-value -gives insights on the relative scaling of large versus small earthquakes (a larger proportion of large earthquakes lead to a lower b-value). There is a rich literature on the relationship between b-value, earthquake physics and the scaling laws for seismic sources, e.g., Hanks (1979) , Pacheco et al. (1992) , Scholz (2002) , including works showing that b-value correlates with the local differential stress (σ 1 − σ 3 ) at both laboratory and tectonic scales (Schorlemmer et al., 2005; Spada et al., 2013; Scholz, 2015) . These works show that b-value is lower at depth and that it decreases with differential stress. Other studies on diverse rock types https://doi.org/10.1016/j.epsl.2017.11.036 0012-821X/© 2017 Elsevier B.V. All rights reserved. and stress conditions have shown that b-value gradually decreases when approaching failure as larger and more numerous foreshocks occur (Scholz, 1968b; Goebel et al., 2013 Goebel et al., , 2015 . There also seems to be a correlation between the magnitude of co-seismic stress drop and the subsequent increase in b-value (Goebel et al., 2013) . The purpose of this study is to improve and expand upon experimental observations of the temporal changes in b-value that occur during the seismic cycle. Our experiments include 10's to hundreds of stick-slip events that range from periodic to aperiodic, and we study the affect of normal stress on stick-slip recurrence time and temporal changes in b-value. Our data provide key physical insights on the processes at play and will improve the ability to interpret temporal changes in b-value for seismic data.
Experimental setup and protocol
We conduct friction experiments on layers of glass beads in a double-direct shear configuration. Glass beads are of particular interest to monitor seismic activity due to their highly responsive acoustic properties (low attenuation) in comparison to natural gouge. In addition, the use of spherical gouge particles provides a straightforward connection to numerical simulations that can provide useful insights for the underlying micromechanical processes (Morgan, 1999; Morgan and Boettcher, 1999; Abe and Mair, 2005; Mair and Hazzard, 2007; Ferdowsi et al., 2013; Dorostkar et al., 2017) .
Our double direct shear (DDS) configuration consists of two granular layers (each 3 mm-thick with nominal contact area of 10 × 10 cm 2 ) composed of particles of diameter 100-140 μm sandwiched between three hardened steel forcing blocks (Fig. 1b) . The central block is 15-cm high so that the frictional area remains constant throughout shear. The steel blocks have 0.8 mm-deep and 1 mm-spaced teeth perpendicular to the shear direction to prevent sliding along the bounding surface Mair et al., 2002; Anthony and Marone, 2005; Knuth and Marone, 2007) . Cellophane tape is used to maintain the beads in place during sample construction. A thin latex membrane is positioned at the bottom of the sample to prevent loss of material during the experiment. Similarly, four steel guide platens are tightened on the side of the sample to prevent lateral losses.
Normal stress is applied to the nominal frictional area of 0.01 m 2 and maintained by servohydraulic control, while the central steel block is driven down at a constant velocity of 11 μm/s. Horizontal and vertical forces are measured using two strain gauge load cells with resolution of ±10 N, while the corresponding displacements are measured with Direct-Current Displacement Transducers (DCDTs) with ±0.1 μm precision. Two broadband piezoelectric sensors (∼0.02-2 MHz) are embedded within steel blocks that are placed on each side of the sample assembly (Fig. 1b) . Both sets of PZTs are epoxied in place at the base of blind holes that are 28 mm in diameter. The piezoceramics -sketched as orange rectangles in Fig. 1b -are 12.7 mm in diameter, 4-mm thick, and 3.18 mm from the face of the side forcing blocks of the DDS assembly. We refer to data from one side as Channel 1 and from the other side as Channel 2. Both sets of PZTs were subject to calibration and testing procedure, and we found negligible differences in the signals. Forces and displacements are recorded continuously at 1 kHz, while seismic activity is recorded at 4 MHz. All measurements of force and displacement for the DDS configuration are referenced to one layer, assuming symmetric behavior for the two layers. We begin each experiment by applying a 2 MPa-normal load and then wait until the layers compact, creep, and reach a constant thickness. The vertical piston is then driven at constant speed. Shear stress slowly increases and reaches a peak yield strength, after which stick-slip cycles begin (Fig. 1a) . We often explore a range of normal stresses during one experiment, although we also conduct experiments at a single normal stress to assess the role of shear displacement. The focus below is on results from a typical experiment. The full suite of experiments for this study numbered over 25. For tests with multiple normal stresses, we start at one value and then impose 1 MPa-stepwise increases from 2 to 8 MPa, followed by stepwise decreases back to 2 MPa (Fig. 1) .
Results
In a typical run ( Fig. 1) we detect over 4 million events per channel over ∼1.4 hour and 20-mm of imposed shear slip. AE event amplitudes ( A) span over 3 orders of magnitude (black dots in Fig. 1a-c) . The seismic magnitude in Equation (1) is arbitrarily defined as M = log 10 (A), with A expressed in units of bits. In Fig. 1c , a detailed view on a few seismic cycles at 5-MPa normal load shows the evolution of shear stress as well as the magnitude of seismic events for Channel 1. A general increase in seismic activity can be seen as failure approaches (i.e., larger and more numerous events). Only events for channel 1 are represented in Fig. 1a -c for clarity, and as described below, both channels lead to similar observations. For each acoustic sensor, we compute the b-value using sliding windows that contain a constant number of seismic events (1000) and apply an overlap of 900 events (the window is shifted by 100 events each time, i.e., ∼90% overlap). We conducted this analysis with various window sizes and overlaps to check consistency of the results and found slight variations; however, the general conclusions of this work are not affected by the choice of these parameters. Fig. 2a shows the general evolution of b-value for an entire experiment. Fig. 2b shows a typical frequency-magnitude plot for one particular window (1000 events). The magnitude range over which b-values are computed is M = [1.18-2.5]. The lower bound 1.18 corresponds to a threshold chosen above the noise level (i.e., A = 15 bits) and corresponds to the 'catalog completeness' value of seismic data, while the upper bound 2.5 is chosen such that a linear fit remains appropriate (r 2 > 0.9) (see supplementary material for further details). In Fig. 2a , the inverse correlation between b-value and normal stress is consistent with the idea that larger events are proportionally more numerous on highly stressed faults, leading to lower b-values. Figs. 2c and 2d show details on the b-value evolution during both aperiodic and periodic stickslip sequences. These data represent shear stress at 5-MPa normal load during the time of increasing and decreasing normal stresses, respectively (shown as green, shaded areas in Fig. 2a) . In both cases, we observe a gradual decrease in b-value as shear stress increases and a sudden b-value increase at the time of stick-slip failure. Small stress drops occurring during irregular seismic cycles (Fig. 2c ) also cause an increase in b-value, although these are often near or within the noise associated with the evolution of b. Fig. 3 shows a detailed view on the last downward normal stress steps, from 4 to 2 MPa, shown in Fig. 2a . This section shows how b evolves as the fault transitions from quasi-periodic stickslips to stable-sliding conditions. At 4 MPa, b ranges between ∼1 and ∼1.8 with a behavior similar to that observed in Fig. 2d , typical of regular stick-slips. On the other hand, at 2 MPa, b is larger on average (1.4-2.2) and becomes rather constant, with a slight difference between the two channels. At 3 MPa, a mixture of both behaviors can be observed: b increases rapidly during slip events, gradually decreases during the reloading portion of the cycle and finally remains constant during creep.
In Fig. 4 , we show the b-value averaged over each normal stress step as a function of normal stress for both channels. We clearly see the inverse correlation between b and normal stress, as also shown in Fig. 2a . We find that b is slightly larger during the stepup phase compared to the step-down phase, leading to a small hysteresis. Larger b-values during the step-up phase may be due to the fact that (i) seismic cycles are more irregular, and (ii) shear stress is on average slightly smaller (i.e. slightly smaller friction coefficient). We believe the hysteretic effects are due to the gradual gouge layer thinning as the experiment proceeds.
To further relate our observations to earthquake faults we focus on the stick-slip regime and investigate how b-value evolves as Fig. 3 . Shear stress and b-value evolution as a function of time during the transition between stick-slip, at 4 MPa, and stable sliding at 2 MPa. Periodic stick-slip events at 4 MPa become irregular as shear stress decreases to 3 MPa and then shear becomes stable at 2 MPa. The b-value data show a tightly correlated evolution during this transition, from the systematic decrease as a function of time during the seismic cycle (at 4 MPa) to stable but highly variable behavior during steady frictional sliding. These data are from the region indicated by the dashed black rectangle in Fig. 2 . The inset shows b-value as a function of shear stress for five specific portions encompassing the three regimes (regular stick/slip, irregular stick/slip, stable sliding). Fig. 1 . These data are averages at each normal stress during the phase of increasing (circles) and decreasing (x'es) normal stress. Note the inverse correlation between b and stress and the hysteresis associated with increasing and decreasing normal stress.
shear stress increases following each slip event. In Fig. 5 , we show such evolution for five normal stresses (2, 3, 4, 6 and 8 MPa) during the phase of increasing normal stress. We focus on these five values for clarity: similar behavior is seen at all normal stresses and during the phase of decreasing normal stress. Several observations can be made. First, the range in shear stress increases with normal stress, indicative of larger shear stress drops at larger normal stresses. On the other hand, the range in b-value is larger at low normal stress: it spans the range 1.3 to 2.3 at 2 MPa, while only ∼0.8 to 1.5 at 8 MPa. When computing the slope α (in MPa −1 ) at each normal stress step, one clearly sees how α increases (the absolute value of α decreases). In Fig. 6 , we report b-value as a function of friction, that is shear stress divided by normal stress. One can observe an overall small decrease in friction during the first normal stress steps (up to about 0.01 when normal stress is stepped up from 2 to 3 MPa), likely due to initial rearrangement of the layers. This is corroborated by the observation of larger aperiodicity in the seismic cycles during these first normal stress steps (as shown in Fig. 2c ), leading to larger scatter in b-value. Similar data are reported in Fig. 7a , with the difference that shear stress is normalized to the maximum shear stress (shear stress preceding failure) for each seismic cycle (Scholz, 1968b) . We capture the evolution by computing the slope (β) at each normal stress step. Finally, in Fig. 7b , b-value as a function of time preceding failure is reported for each seismic cycle and the slope δ (s −1 ) is computed for each normal stress step. Slopes α, β and δ are reported in Fig. 8 as a function of normal stress for the two AE channels. We find that α and β increase with normal stress, with similar results for both channels. Furthermore, despite complex behaviors such as irregular stick-slip cycles during the upward phase (leading to hysteresis in Fig. 4 ), no major difference can be seen between the upward and downward phases for α and β. As far as the slope δ is concerned, no clear evolution with normal stress can be seen, suggesting that over the stress range explored, the "time to failure" seems independent of the stress conditions on the fault.
Discussion
When comparing b-values and stress conditions across many fault types and tectonic regions, Scholz (2015) found the follow- ing inverse correlation between b-value and differential stress:
If differential stress is replaced by shear stress using τ ∼ (σ 1 − σ 3 )/2, the slope 0.0012 becomes 0.0024 MPa −1 and can be compared to the |α| values we measured (Fig. 8) . Our measurements of |α| range from 4 to 0.3 MPa −1 , which is two or three orders of magnitude larger than the field-based estimates. However, the stress range covered in our work (τ = 0.8-3.6 MPa) is also one or two orders of magnitude lower than for the field data (∼10-250 MPa).
Further, our observations show that |α| drops by an order of magnitude (from 4 down to 0.3) when stress increases by less than an order of magnitude. Therefore, in the plausible case that |α| keeps dropping with increasing stress, there could be a quantitative agreement between the lab and field observations.
As shown in Fig. 7b , we find that b-value decreases continuously with time to failure, with a rate δ that is rather independent of stress (Fig. 8c) . Such behavior suggests that the processes leading to time failure do not vary strongly during the seismic cycle, and that observations made at different stress levels might be directly compared. Overall, the physical description of fault zones is complex and can be described within different frameworks (Ben-Zion and Sammis, 2003) . Stick/slip behavior in simple glass bead layers occurs at relatively low stresses, when beads do not break, and for narrow particle size distribution (Mair et al., 2002) . Such stick/slips are often described in terms of formation and breakage of force chains during loading and creeping portions of the seismic cycle respectively (Nasuno et al., 1997 (Nasuno et al., , 1998 Mair et al., 2002; Majmudar and Behringer, 2005; Daniels and Hayman, 2008; Johnson et al., 2008) . The DEM simulations show correlations to kinetic and potential energy indicating grain mobilization in the gouge layer at the time of slip but less during the inter-event period, possibly supporting the force chain concept Dorostkar et al., 2017) . At stresses where particles can break (those encountered in natural faults), fault zones are often described in terms of frac-tal structures with no characteristic scales (Sammis et al., 1987; Marone and Scholz, 1989; Amitrano, 2012) . At the tectonic scale, rather than a steady decrease during the inter-seismic period, b-value exhibits rather larger variability, in the rare cases where it has been measured (Schorlemmer et al., 2004 (Schorlemmer et al., , 2005 Spada et al., 2013; Benz et al., 2015; Petersen et al., 2015) , including examples where it decreases, and some where it increases, prior to failure. In one recent study, Gulia et al. (2016) found a pronounced drop in b-value a few weeks prior to earthquake failure. The differences between tectonic faults and lab-scale experiments is likely due to greater complexity of geological faults, including a large number of interacting faults, however future work must consider other possible explanations.
Despite differences in stress and fault nature/composition, our results show striking similarities with observations made in naturally developed laboratory faults in rocks (Scholz, 1968b; Amitrano, 2003; Goebel et al., 2013) . In both cases, b-value is found to progressively decrease until failure is reached. Seismic stress drops are then accompanied with sudden b-value increases. The overall similarity between results in glass beads and natural rocks suggests that the use of glass bead layers at relatively low stresses is relevant for seismic studies of b-value.
Conclusions
We study the temporal evolution of b-values along 275 seismic cycles in glass bead layers and under various stress conditions. Our results complement the observations from previous laboratory studies (Scholz, 1968b; Lei, 2003; Lei et al., 2003; Thompson et al., 2005; Michlmayr et al., 2012; Goebel et al., 2013; Johnson et al., 2013; Kwiatek et al., 2014) as well as field studies (Schorlemmer et al., 2005; Benz et al., 2015; Scholz, 2015; Petersen et al., 2015; Gulia et al., 2016) . We find that b-value continuously decreases with time as failure approaches, with a rate rather independent of normal stress. An inverse correlation between b-value and stress is also observed that is qualitatively consistent with literature. A comparison with equivalent results at the Earth's scale shows some quantitative discrepancies that might be explained by differences in stress range.
